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Abstract 


Zmc substituted manganese ferrites of composition Mui xZn^ Fe 204 
(0 < X < 0 5) have been mvestigated with regard to theu* phase(s) surface 
area and magnetic properties It is shown that coprecipitation of metal salts 
takmg sodium hydroxide as a reaction agent followed by digestion at 90^C 
for 90 mmutes and calcmation at 200°C for 2h yields successfully 

S 

nanocr^aUme particles of average diameter 6-10 2 nm They contam a 
smgle phase havmg an f c c structure with lattice parameter decreasing with 
mcreasmg zmc content (the values bemg 8S03±OOOlA and 8 419±OOOlA 
for X = 0 and 0 5 respectively) Transmission electron microscopic 
observations have been extended to confirm the nano crystalhne nature of 
the products BET specific surface area is found to mcrease from 118 2 to 
194 2 m /g for zmc content x = 0 to 0 4 mdicatmg emergence of 
progressively smaller crystalhtes 

Pure MnFe 204 particles exhibit low saturation magnetization Ms, 
(~42 98 emu/g) and high Cune temperature Tc (378°C) m comparison to 
bulk, the values of Ms and Tc bemg 80 emu/g and 300°C respectively 
Zmc substitution causes overall lowermg of saturation magnetization, 
depicting a value of 22 15 emu/g only for x=0 2 With further mcrease m 
zmc content. Mg value mcreases to 28 8 emu/g and 35 16 emu/g for x=0 3 
and 0 4 respectively but decreases sharply to 16 94 emu/g for x=0 5 The 
lowermg of saturation magnetization and enhancement of Cune temperature 
are attributed to contmuous decrease of particle size cation redistribution 
and/or presence of a magnetic dead layer on the surface 
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Chapter 1 
Introduction 

Ultrafine magnetic particles have received attention and generated 
renewed interest m recent past because of their potential applications m 
nanostructured materials technology such as magnetic recordmg [1 2 3 4] 
earth s field mapping satelhte [5] cryogenic technology [6] unagmg 
technique [7] biology and medical diagnosis [8] high fi'equency devices [9] 
etc These particles exhibit properties which are sometimes found to be 
drastically different from those of correspondmg bulk materials and arise 
mainly due to their reduced size (hence large surface area) pronounced 
surface effects and nature of magnetic mteraction [10] 

Magnetic materials are those matenals that can be attracted or 
repelled by a magnet. The matenals when 

placed m magnetic field cause change m flux or hnes of forces (())) and are 
accordmgly classified as dia- para ferro anti-ferro and fern magnetic 
(Table 11) When (j) mcrease the matenal is considered to be magnetized 
On switchmg off the magnetic field matenal may or may not get 
demagnetized The parameter that characterized magnetic matenals mcludes 
saturation magnetization (Ms) permeabihty (p) transition temperature 
(Cur le Neel) Coercive field (Ho) nature of hysteresis loop [11] 
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Table 1 1 Classification of magnetic materials [11] 


SNo 

Type 

Change m flux 

Example' si 

1 

Diamagnetic 

Decreases 

Cu, He 

2 

Paramagnetic 

Increases margmally 

Na A1 

3 

Ferromagnetic 

Increases largely 

Fe Co Ni 

4 

Antifenomagnetic 

Increases reasonably 

MnO FeO 

5 

femmagnetic 

Increases largely 

Fe 304 


The magnetic matenals can be further divided into two mam groups, 
soft and hard matenals dependmg on tlien bemg magnetized and 
demagnetized easily and with difficulty, respectively The distmguislnng 
charactenstics of the soft matenal is then high pemieabihty, narrow 
hysteresis loop (or low ene^^J^loss), low coe^clv^ty, low eddy cinrent losses 
and high saturation induction /flux multiplymg power A few examples are 
pure non, low carbon steels, Fe-Ni alloys, spinel^/such as Ni-Zn, Mn-Fe and 
Ni-Co ferrites) hexagonal femtes syntlietic garnets etc Some properties of 
soft magnetic matenals are listed m the Table 1 2 In contrast hard matenals 
show lugh coercmty wide hysteresis loop(high energy loss), resistance 
to demagnetizmg action, etc These are essentially permanent magnet Some 
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examples include high carbon steel Fe Pt Pt Co hard femtes rare earth 
containmg alloys etc [12] The properties of selected hard magnetic 
materials are listed mTable 1 3 

Among magnetic matenals femtes make a veiy important class 
and are basically double oxides of iron and another metal These are 
essentially lomc compounds and their characteristic properties anse due to 
magnetic ions present 

Tablel 2 Properties of soft magnetic materials [12] 


Chemical 

formula/comp 

osihon 

(wt%) 

<D 

a 

s 

M Q Nw 

u ^ h 

Maximum 

magnetic 

permeabihty 

M-max (ito) 

Remanence 

magnetic 

mduchon, 

Br (Tesla) 

Coercive 
magnetic field 
He (Am^) 

Saturation 

magnetization 

Bs 

Q. 

d £ 

o ^ M 

Fe 

770 

6000 8000 

0 11-0 58 

32 70 

2 158 

10 

99Fe ISi 

740 

7700 

0 80 1 10 

44 

2 10 

25 

(Ni Zn)Fe204 

- 

— 

0 11 

14 3 

0 23 

Hi 

80Ni 20Fe 

— 

100 000 

- 

— 

0 87 

57 

84fe-16Al 

450 


0 38 

1 98 

3 20 

0 78 

0 80 

150 


























Table 1 3 Properties of selected hard magnetic materials[12] 


chemical 

Formula/ 

composition 

(wt%) 

Curie 

temperature 

Tc( °0 

Remanence 

magnetic 

mduction 

Br (Tesla) 

Coercive 
magnetic field 
He(Am^ 

Maximum 

magnetic 

energy 

(BHWkJm" 

Demagnetization 
mduction Bd 

Electrical 
resistivity 
p (pDcm) 

BaO 6 Fe 203 

450 

0 220 

145 000 

8 

0 11 

10'- 

SrO 6 Fe 203 

460 

0 400 

175 000 

27 

0 185 


BaFei20i9 

450 

0 400 

160 000 

29 

— 

— 

76 7Pt 23 3Co 

480 

0 645 

355 000 

74 

0 35 

28 

Fe 52Co 14V 

- 

700 

42000 

28 

_ 

— 


They possess unique combination of pioperties of magnetic matenals and 
msulators Table 1 4 summarizes the properties of selected ferrites Their structure 
can be described by close packed layers of oxygen ions with metal ions occupymg 
tetrahedral and octahedral voids Dependmg upon the ciystal structure femtes fall 
mto two mam groups 

Cubic close packed with general formula MFe 204 or MO Fe 204 where M 
stands for a divalent metal ion like Mn Ni Fe Co Mg etc Among these 
only cobalt femte (Co Fe 204 ) is hard while all others are soft m nature Soft 
femtes are used m computer memory cores television receivers 
communications radios recordmg heads, majjnetostnction transducers 
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Tablel 4 Properties of selected ferrites 


Femte type 

Chemical 

formula 

Structure type 
crystal system 
lattice 

parameters and 
space group 

Magnetic 

induction 

saturation 

Bs 

Curie 

temperature 

Tc(°C) 

Ba Fe femte 

BaFei20i9 

Hexagonal 

0 45 

430 

Cobalt femte 

CoFe204 

Spmel type 
cubic Fd3m 

0 53 

520 

Copper femte 

CuFe 204 

Spinel type 
cubic Fd3m 

0 17 

455 

Franklmite 

ZnFe 204 

Spmel type 
cubic 

(a=0 842 nm) 
Fd3m 

0 50 

375 

Jacobsite 

MnFe 204 

Spmel type 
cubic, (a=0 85 1 
nm) Fd3m 


300 

Lithium femte 

LiFesOg 

Spmel type 
cubic Fd3m 


670 

Magnesiofemte 

Mg Fe204 

Spmel type 
cubic 

(a=0 838 nm) 
Fd3m 

0 14 

440 

Magnetite 

Fe304 

Spmel type 
cubic (a=839 4 
pm) rd3m 


585 

Ni A1 femte 

NiAlFe204 

Spmel type 
cubic Fd3m 

0 05 

1860 

Nickel femte 

NiFe204 

Spmel type 
cubic Fd3m 

0 34 

575 
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microwave devices etc [11] They have a general fomiula ABtX 4 and 
crystallize into spinel structure which can be visualized m terms of cubic 

of 

close packed arrangement of anions with one half /the octahedral holes (B 
sites) and one eighth of the tetrahedral holes (A- sites) filled with cations 
There are eight of AB2X4 formula units m the umt cell with location of 10 ns 
as under 

Equivalent positions (0 00 0 V 2 'A ‘A 0 14 14 14 0) + 

SAatOO 0 1/4 1/4 /4 

IbBat'/g '/g Vg '/g '/g Vg '/g Vg Vg Vg Vg '/g 
32 O at X X X V4 X V4 x V4 -x, 

XXX V4 -X V4 *X V4 ♦x> 

5 r X X V4 +X V4 X V4 ■+X, 

X X X A *X /4 +X /4 X 

In the non-ideal structure the amons are moved from their ideal 
positions m <11 1> directions and the value of x deviates from 3/8 Fig 1 1 
shows the complete umt cell with distribution of A B and oxygen ions 
together with tetrahedral A site and octahedral B site, respectively Also 
layer sequence along z direction is depicted at the bottom Fig 12 gives 
schematic view of the spmel structure with two types of octants (I and II) 

tht 

disposed m/, unit cell Both octants are depicted separately too with 10 ns 
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Tetrahedral A site Octahedral B site 

Layer sequence- 



Fig 1 1 The spinel structure 


7 





Type I octant containing A cations 
in tetrahedrai co-ordination 


Type II octant containing B cations 
in octahedral co-ordination (octahedral 
extent beyond single octant) 



Fig 1 2 The spinel structure 


e 


locations There are one A and three B cations around each anion at 
a(x 1/4 )V3 and a( 5/8 -x ) respectively Also the angles B-X B and A X-B 

are about 90 and 125 respectively These angles and distances are 

-f6h h-l/t^r 

important m detemnmng the magnetic properties of spmely There are 
mdirect or super exchange mteractions the strongest bemg between the A 
ions m tetrahedral sites and B- ions in octahedral sites due to their small 

separation and large A X-B angle Thu^ the nature of cation distnbution on 

i-hd 

the two sites is also important for determmmgj^agnetic behaviour 

For mverse spinel the fonnula is rewritten as B(AB)04 This mdicates 

hittf 

that the A ions and/pf B-ions are m octahedral sites whereas remammg B 
ions assumes tetrahedral sites 

Hexagonal Closed packed with general formula MFei20i9 or MO 6Fe203 
where M represents the large divalent ion such as Ba^^ Sr^”^ or Pb^^ They 
possess low crystal symmetry and so exhibit large magneto crystalline 
anisotropy The most important m this group is banum femte family falling 
in magnetically hard category [11] The layered structure is shown m Fig 
1 3 
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The physical and chemical properties of spinel fernte anse firom the 
ability of these compounds to distnbute tlie cations among the available A 
and B sites Therefore control of cations provide the means to control the 
magnetic behaviou^[9] The so called cation distnbution is proved to be an 
equilibrium function of temperature pressure and composition The 
magnetic properties of matenals depend largely on microstructure which m 
turn vanes with the preparation methods 

1 1 Preparation method 

Different methods/processes developed for the preparation of fernte 
include ceramic solution and co precipitation, hydrothernial synthesis and 
glass crystallization organometallic precursor route pyrosol and sol gel etc 
[14] The basic production operations common to all metliods consist of 
imxmg of initial components (mechanically or chemically) heat treatment 
imder suitable conditions (i e , temperature, time, environment, etc) and 
cooling It is possible to obtam a homogeneous powder by adjustmg the 
preparation conditions appropriately [14] Some of the methods used for the 
syndiesis of specific femtes, superconductors etc are descnbedbelow 
However, these may be extended to any system after optimization of the 
process 
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1 2 1 Cryogenic technology 

This method has been used to prepare chemically homogeneous 
one domam banum femte crystalhtes with high values of saturation 
magnetization and coercive force [14] It involves preparation of mitial 
aqueous salt solutions of banum and iron nitrates their mixing m proportion 
as per the stoichiometry desired of the final product and cryociystallization 
(i e rapid cooling provided by dispersion of the solution mto the liquid 
nitrogen ) The process yields sphencal shape particles called cryograins of 
average diameter (d~3 5 mm) with umfonn distribution of salt components 
The fi'ozen solvent (ice) is removed from cryograms by freeze drying at 
sufficiently low temperature and pressure to prevent their meltmg The 
resultmg product (bemg a hygroscopic powder) is subsequently given a heat 
treatment at 700 1200°C for 5 min [14] 

12 2 Gel to crystallite conversion 

The reaction basically mvolves chemical mflux of ahovalent 
ions to generate pressure causmg bieakdown and direct conversion of gel 
mto crystallites A reactive gel of hydrated feme hydroxide Fe(OH )3 XH 2 O 
(70<x<110) IS prepared by pounng ammomum hydroxide mto feme 
chloride solution at 30-40®C and attainmg pH m the range of 6 8 It is 
washed for removal of anions and ammomum ions The gel is suspended m 
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Ba(0H)2 solution in presence of hydrophilic solvent (e g ethanol) m a flask 
fitted with a water cooled reflux condenser Air m the vessel is replaced by 
nitrogen Fresh entry of CO 2 is prevented with an alkah guard tube and the 
reaction is earned out at 80 95®C for 4 6 h The sohd phase present m the 
vessel is then filtered washed thoroughly to remove Ba(OH) 2 ^and air dried 
The resulting product is a nanosized crystallite precursor which on thermal 
treatment at elevated temperatures yields hexafemte phase(s) The reaction 
can be summarized as under 

75 90 C 

1 2Fe{OH), xH 0{gel) + Ba{OH )^ — „ {OH\ IH O 

■ > BaFe^^O^^ „ {OH)^ 55 {precut sor) + IH^O 

— BaFe^20^g{Hexaferrite) + 3 I 9 H 2 O 

This is a generally used for preparation of nanosized multinary 

oxides such as alummates ferrites zirconates and htanates Also various 

ferromagnetic oxides possessmg structures closely related to hexafemtes can 

be prepared by partially substitutmg the Fe^"^ with divalent / tnvalent 

transition metal 10 ns The mam advantage of this process lies m its 

simplicity operational cost and capacity to produce powders of high 

surface area with mcreased homogeneity The product thus exhibits relatively 

high reactivity and require lower smtenng temperature Further the raw 

j 

matenals are not very expensive either [15] 
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12 3 Combustion process 

This process saves a lot of time and energy and has been used for 
synthesis of YBa2Cu307 superconductor For this stoichiometnc amounts of 
Y2O3 and CuO are dissolved m mtnc acid and then fine powder of barium 
nitrate is added Urea powder is subsequently added to fonn a slurry 
accordmg to the reaction 

6M(NO,) + 5X(NH ) CO 5XCO +lOXHp + SXN^ + 6MO , 

Here M and x represent the metal and its valency respectively When a 
nmnber of metal nitrates are taken together x is taken as weighted average 
of the valencies of the constituent metals The sluny mixture is transferred to 
a glass dish and placed m the furnace at a certam temperature (say 520 °C) 
The matenal froths vigorously and ignites with a flame on its own The 
entire process takes just a few minutes The resultmg black powder is heat 
treated directly or subjected to a second combustion with ammomum mtrate 
and urea mixture before the heat treatment The second combustion route 
helps m cuttmg down the heat treatment requuements [ 16 ] 

1 2A Gla^i ceramic method 

Fme particles of BaFe^ 2xCoxTixOi9 (x= 0-0 9 ) femte has been 
prepared with this method by taking appropriate molar ratio of BaCOs 
B2O3 and Fe203 and formmg a glass In order to avoid crystalhzation the 
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molt IS poured between two steel rollers separated by 0 33 mm rotatmg m 
opposite directons at angular speed of 80 100 rpm The resultmg glass 
flakes of typical thickness~0 1 imn formed are crystallrzed at 600° 1000°C 
and immersed m a weak acid subsequently to separate Ba ferrite particles 
[17] 

12 5 Chemical coprecipitation and salt induced crystallization 

This process has been used for the low cost production of 
substituted barium femte particles of hexagonal and plate like morphology 
with narrow size distribution, e g BaFe^ 2 xCoxTixO ]9 (x=0-0 9) cif^d 
BaFei 2 2xCoxSnxOi9 (x=0 1 4) 

An aqueous solutions of the metal chlondes (containmg Ba 
Fe^"^ Co^*^ and Ti'^'*' or Sn"*^ m appropriate ratio) NaOH and Na 2 C 03 are 
mixed and stirred A suspension contammg mtermediate precipitate is 
filtered off, washed thoroughly and dned It is then rmxed with a pure or 
rmxed salt (hke NaCl or NaCl KCl) and heated at appropnate temperature 
(e g 600-1000°C) to yield crystallme femte particles [17] 

12 6 Melt coprecipitation and electron beam irradiation 

Its charactenshc feature is that ciystallization takes place not m a 
liquid phase but m a slightiy melted micro regions at a rate usually 
observed m the sohd phase As a result smgle domam platelet and 
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hexagonal shaped crystals with mean planar diameters equal to or less than 
0 25 pm are produced at temperature above 980°C m just an hour or so Here 
BaFe]0 4Coo8Tio80i9 is taken as an example to descnbe the procedure The 
imtial components viz y Fe203 BaCOa CaCOs and T1O4 (ferrite forming in 
appropriate quantity) and BaCl2 2H2O and B2O3 (flux m proportion of 70 30 
wt%) are mixed properly and subjected to melt coprecipitahon For 
mcreased rate of solid phase reaction via faster diffusion of metal ions 1 2 
MeV electron beam is allowed to impmgelocally on the mixture The dose is 
mamtamed at (0 5 0 6)X10^^ particles/cm^ to achieve temperature m the 
range of 800° 1000°C 

The electron beam spot could be mcreased upto 5 cm diameter 
without causmg any temperature vanation After annealmg the cooled fht is 
treated with the dilute solution of acetic acid at ~80°C for separatmg the 
femte crystals from the flux matnx [18] 

Table 1 5 compares the pure thermal and electron beam 
irradiation methods It clearly mdicates advantage of radiation treatment m 
terms of lowermg of temperature and/or reduction m tune 
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Table 1 5 Synthesis conditions of single domain ferrite crystals 
of BaFeio4Coo8Tio80i9 by the melt coprecipitation method 
u sing pure thermal and electron beam irradiation [ 18 ] 


Treatment 

Specunen 

T(°C) 

T (mm) 

Impunty phase 

aF203 

Radiation 
(e g , 1 2 MeV 
electron beam 

1 

825 

60 

20 

2 

850 

60 

15 

3 

900 

30 

0 

4 

980 

15 

0 

Thermal 

5 

980 

60 

0 


12 7 Hydrolysis of metal organic complexes 

Small femte particles (eg, SrFei20i9) with high coercivity have 
been prepared successfully by the hydrolysis method of metal orgamc 
complexes The advantage of this method lies m the mtimate mixmg of 
compositional ions on the atomic scale and easy extraction of small 
particles because of the precipitates precursor bemg free from other media 

A block diagram outlining the preparation process is given below An 
ethanol strontium acetylacetonate [Sr(C5H702)2 2H2O] or strontium ethoxide 
[Sr(C2H50)2], and iron acetylacetonate [Fe(C5H702)3] or iron ethoxide 
[Fe(C2H50)2], with appropriate Fe/Sr ratio are stirred m ethanol, refluxed 
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and hydrolyzed by water By maintaining pH at 12 with, an aqueous 
ammoma solution a hydrated precursor is precipitated and heat treatment at 
appropriate temperatures to form small particles of SrFei 20 i 9 [18] 



Fig 1 4 Flow chart of hydrolysis of metal orgamc complex method 
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1 2 Manganese ferrite system 

The magnetic properties of nanoscale have been a subject of interest in the 
recent past due to mcreasmg microiramatunzation and data storage density 
requirement Also, there is always cunosity to understand the deviation m the 
properties as bulk is gradually reduced to small dimensions Manganese 
femte MnFe 204 is particularly well smted for understanding such studies 
because of its low Cune temperature (300°C) This allows exammation of 
ferromagnetic to paramagnetic transitions much before the particles turn 
superparamagnetic due to thermal effect Nevertheless MnFe 204 is 
considered to be a complex system with regard to vanation m its resultmg 
VIZ , charactenstics saturation magnetization coercive field Cune 
temperature, cation redistnbution etc with the synthesis methods adopted 
and nature of heat treatment followed/imparted The hteratiue review given 
below reflects tlie contmumg mterest on this system as its charactenstics are 
not fully understood 

Tang, Sorensen Klabunde, and Hadjipanayis [20] have prepared 
fine manganese femte (MnFe 204 ) particles (diameter~5 25 nm) by co- 
precipitation of manganous and feme salts with hydroxide and subsequent 
digestion process below 100°C The findmgs mdicate that the particle size 
strongly depends on the metal ion to hydroxide ion concentration ratio The 
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undigested samples were found to be polycrystallme with average crystallite 
size of about 2imi The digestion led to mcrease of crystalhte size to -Sum 
via Ostwald npenmg process Mossbauer spectrum of the digested sample 
could be fitted with a sextet and fittmg parameter as quadrupole sphttmg 
lAEl =0 10(2) mm/s isomer shift 5=0 33(2) and mtemal magnetic field 
(H)=466kO Lateron Tang et al [?ij also measured magnetization as a 
function of temperature m a small applied field of 20Oe for MnFe 204 and 
found considerable enhancement m Curie temperature (Tc) with decrease m 
size of nanoscale particles m the range of 7 5 24 4 mn For example in 
particles of size 7 5 mn Tc was 97K higher than for the bulk matenal Such 
a shift m Tc was descnbed by the fimte size scahng, formula 
[Tc(d) Tc(oo)]/Tc(oo)=+(d/do) ^'^'"with exponent v=0 714:0 07 characteristic 
microscopic dimension parameter (do)=2 0 nm and Tc(oo)=573K However 

Tc 

m subsequent studies[23] such ati mcrease m/^as attributed to the variation 
caused m degree of mversion of the spmel structure due to Mn Mn 
conversion as a function of particle size Nevertheless particle of size ~5 nm 
were reported to exhibit superparamagnetism[20] 

Zheng Wu Zon and Wang [22] have synthesized nanosized 
MnF ftofli particle by chemical ultrasomc emulsion method which 
essentially mvolves mixmg of aqueous solutions of Mn and Fe mtnde 
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salts and dodocal benzene sulfuric acid sodium salt (DBS) adding 
appropnate amount of toluene generatmg microemulsion under continuous 
stirrmg subjecting to ultrasonic and finally addmg appropriate amount of 
NaOH to get a sol By washmg and distilling, DBS coated MnFe 204 
nanoparticles were obtamed The samples were also annealed at 400°C m 
vacuum ~ SxlO"^ Pa for 1 h This led to creation of ferromagnetic sphencal 
particles of mean size ~ 5 6 nm with a low saturation magnetization (os) 
value of 24 4 emu/g compared to bulk (og bemg 80 emu/g) The reduced 
saturation magnetization was attributed to the presence of magnetic dead 
layer of thickness~0 6 nm on the surface of the particle an approach adopted 
earlier too [2 1 23] The saturation magnetization versus temperature plot in 
the range of 300 1173 K reveals Cune temperature (Tc) as 733 K a value 
160 K higher than the corresponding bulk value It is believed that 
enhancement of Tc results due to contributions from both finite size 
effect [20] and cation redistnbution on tetrahedral and octahedral sites 

Dmg, McCorrmck and street [24] have reported formation of 
nanocrystallme MnFe 204 of average particle size ~ 35 40 nm with saturation 
magnetization of 54 79 emu/g by mechanical alloymg of MnaOs and Fe 203 
m the hardened steel vial usmg 12 mm diameter steel balls for 66 h or longer 
under an argon atmosphere and subsequent annealmg at 700®C m vacuum 
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Further addition of manganese is found to accelerate the formation process 
ofMnFe204 

Mohainoud Williams Cai Siu and Walker formed 

polycrystaUme films of manganese femte by pulse laser deposition onto 

0 

glass at substrate temperatures of 200 550 C While the stoi/iometry remamed 
intact in tlie film cation distnbution was found to be veiy different from the 
source target 

Nanosized MnFe 204 particles with mean diameter of 9 mn have been 
synthesized by thermal deposition of a manganese iron citrate precursor at 
623 K in an mert atmosphere [ 26] Their saturation magnetization value of 
53 emu/g at 5K (bulk value- 1 lOema /g) was attnbuted to mcomplete 
aligmnent of spms or presence of magnehc dead layer of 0 6 nm thickness at 
the surface of particles Magnetization-temperature curve at a field of 100 
Oe depicted two peaks at 125 - 150K and 2lKansmg due to super magnettc 
blockmg and surface JBreezmg of moments respectively 

Kulkami Kannam Arunarkavalh and Rao [27] prepared MnFe 204 
by coprecipitation method [21] but annealed in helium at 773 K for 1 h and 
cooled slowly to room temperature for ensurmg eqmhbnum cation 
distnbution Then ^^Fe Mossbauer spectra exhibit sextet and could be fitted 
with values of isometnc shift of 0 4 mms ^ and mtemal magnetic field of 463 
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kOe Also an increase of Cune temperature (Tc) by 50 K (from bulk value 
of 573 K) observed m particles of average size ~12 nm was attributed to 
finite size scaling 

Upadhyay Davies Wells and Cherles [28] have evaluated magnetic 
properties and size distnbuhon parameter of ultrafine particles of MnFe 204 
and Mill x FexFe 204 (x:<0 9) They observed (a) decrease of particle size 
fi-om 1 1 3 to 6 7 mn widi mcrease of manganese content from x = 0 1 to 0 9 
(b) a constant reduced remanence (Mr /Mg) of 0 4 at 4K (a value smaller than 
that estimated for random distnbuhon of umaxial particles) and attributed to 
flux closure and spm piimmg (c) lowenng of blockmg temperature ( 
correspondmg to peak m susceptibilily vs temperature plot) with increase m 
manganese content, caused by decrease of both particle particle mteractions 
and effective amsotropy constant and (d) superparamagnetism behavior 
VIZ no hystersis and superposition of magnetization versus (H/T) curves 

Rath Saliu Anand Date Mishra and Das [29] synthesized nanosize 
(9-12 mn) Miio esZno 35 Fe 204 particles fi*om metal chloride solution through a 
hydrothermal precipitation route usmg aqueous ammoma at pH~10 and 
reported both the Cune temperature (Tc) and coercivity (He) to be high as 
compared to the bulk values 
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Lopez Pfaimes Paiuago Tourmbo [30] studied MnFe204 
nanoparticles of average size 6-9 run by Mossbauer spectroscopy and 
estimated cation distnbution as [Mno iFeo9][Mno9Fi i]04 le concentration 
of Mn ions m B-sites is close to that of an mverse spmel 
1 3 Objective of present work 

The objective has been to study the effect of partial substitution of 
manganese with zinc in MnFe204 For this compounds of compositions 
Mni xZnxFe204 (x=0 0 2 0 3 0 4 and 0 5) have been prepared by co 
precipitation and characterized with regard to their phase(s) morphology 
surface area and magnetic properties (viz saturation magnetization and 
Cune temperature hysteresis loop etc ) by employmg X-ray powder 
diffractometer transmission electron microscope BET surface area analyzer 
and vibrating sample magnetometer 
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Chapter 2 

2 1 Experimental Details 

In tins chapter, the experimental details pertaining to synthesis of 
pure and modified manganese femte by partial substitution of Mn^’*' and 
their charactenzation by X-ray powder diffractometer transmission electron 
microscope BET surface area analyzer and vibratmg sample magnetometer /a i 
2 11 Synthesis of manganese ferrite (MnFe 204 ) 

The raw materials used are listed m Table 2 1 with manufacturer 
and punty The synthesis of MnFe 204 is earned out by co precipitation 
method. Initially solutions of the sodium hydroxide (NaOH) and the metal 
Fe(3+) and Mn(2+) salts are prepared m distilled water For this 6 00 g of 
NaOH IS dissolved m 100 ml of distilled water Also 2 70 g of FeCb 6 H 2 O 
and 0 99 g of MnCE 4 H 2 O are dissolved m 50 ml of water separately The 
atoimc ratio of Mn(2+) to Fe(34-) tlius becomes 0 5 The metal salts solution 
IS then poured m the sodium hydroxide solution mixed well using a 
magnetic stirrer and brouglit to a pre-heated batli of water and ethylene 
glycol for precipitation and digestion The temperature is mamtamed at 90”C 
for about 90 imnutes Stirrmg is contmued dunng the digestion process 
Suspension is repeatedly washed with water filtered and dned at 50°C for 7- 
8 h to yield a product as a powder 
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For synthesis of manganese ferrite of composition Mni xZnxFe 204 
witli x=0 2 0 3 0 4 and 0 5 besides MnCh 4 H 2 O and FeCIs 6 H 2 O 
appropnate amount of ZnCh is dissolved in water The resultmg salt 
solution IS then poured m sodium hydroxide solution mixed well usmg a 
magnetic sturer and digested at 90”Cfor 90 mmutesj, as before The 
precipitate is rapidly washed with water filtered and dned at 50°C for 7-8 
h The resultmg powder is calcmed at 200^’Cfoi 2h to get the final 
product 


Table 2 1 List of raw materials used for synthesis 


Matenals 

Manufacturer 

% Purity 

Manganese chloride 

Polypharm Private 

95 

MnCh 4 H 2 O 

Limited 


Feme chloride 

Ranbaxy 

96 

FeClg 6 H 2 O 

Lab Ltd 


Sodium Hydroxide 

Qualigens fine 

98 

NaOH 

chemical 


Zme Chloride 

E Merck (India) 

95 

ZnCl 2 

limited 


Ethylene Glycol 

Ranbaxy 

95 


Pvt Ltd 
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2 2 Characterization techniques 
2 21 X-ray diffraction (XRD) 

The XRD pattern of powder samples have been recorded m a X ray 
diffractometer (Rick Seifert model ISO Debye flux 2002) usmg a CuKa 
radiation to ascertam their nature and detemune the phase(s) present For 
this powder was packed m a 10 mm diameter circular cavity of alummum 
holder which in turn was mounted m its position on the sample stage of the 
diffractometer The diffracted beam was received by a scmtillation counter 
detector held at an angle of 20 with the transmitted beam (0 bemg the angle 
between the sample surface and the incident beam) The rotation movement 
of the sample and the detector was synchronized such that the mcident and 
diffracted beams always made the same angle (0) with the sample surface 
The X ray tube was operated at 30 kV and 20 mA and diffraction pattern 
recorded at a scanning rate of 3°/nira m the range of 25-100^ The tune 
constant was set at 10 seconds and sensitivity was either 5000 or 2000 
counts per imnutes The XRD pattern was contmuously observed on the 
momtor of a personal computer and finally prmted 
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2 2 2 TEM Studies 


Manganese ferrite (MnFe 204 ) and zinc substituted manganese 
ferrite (Mni xZnxFe 204 ) have been observed m a transmission electron 
microscope (JEOL JEM >000 FX) for their imcrostructure phase(s) and 
ciystallographic onentations For this support film was first prepared on 
glass substrate usmg fonnvar solution m chloroform (0 4 g/lOOml) and then 
allowed to float on water surface This was subsequently transferred onto the 
matt side of copper specimen grid Ferrite powder was crushed and 
dispersed in isobutyl alcohol by shaking well and allowed to settle for 
sometime A few drops of suspension were then placed on the formvar 
coated gnd with the help of a micropipette On drymg up the samples were 
stored and/or transferred to the TEM for exammation The microscope was 

operated at 120kV The micrographs and selected area diffraction patterns 

) 

were recorded from different regions on a 35 mm film 

2 2 3 Surface area measurement 

The BET (Brunauer Emmet and Teller) method is commonly 
used for measuring specific surface area (which include mtemal area as 
well) It IS based on physical absorption process where known gas molecules 
(say of nitrogen) are condensed onto the sample surface as a monolayer and 
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the resultant pressure in the closed chamber is measured The pressure data 
when momtored at a constant temperature allows construction of an 
isothenn which m turn can be used to extract total internal surface area 
The BET function vanes hnearly and often represented as 

BETftinction= = ^ + 

v,ip-p) v^c Iv^cj [pj 

where Vm = volume of monolayer Ps is sample pressure Va is volume 
adsorbed Po is saturation pressure C is constant related to the enthalpy of 
adsorption With a specific pressure range (usually 0 05 to 0 2 atm) an 
isothenn is obtamed and used to calculate the BET fimction Its plot is then 
made agamst relative pressure (Pg/ Po) and hnearly fitted to get values of 
slope (C-1)/ VmC and mtercept 1/ VmC The BET surface area m (mVg) is 
then determmed from the following expression 

o _ ^ A^M 

~ M, 

where Sorr is the BET surface area Na is Avogadro number Am is the 

cross-sectional area occupied by each adsorbate molecule and My is the 

gram molecular volume (22414 m^) For mtrogen the value of Am is 

2 

assmned to be 0 162nm 
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The samples were prepared by grmding the powder thoroughly in 
an agate mortar The surface area was measured usmg the Coulter SA 3100 
analyzer and nitrogen as the gas for adsorption 

2 2 4 Magnetic measurements 

A pellet of size 3mmx3mmx2nim was made by using a special die 
(fabricated for the purpose) at a pressure of~2xlO^KN/m^ The pellet was 
weighed and mtroduced m the vibrating sample magnetometer (Prmceton 
VSM Model 150 A) equipped with an electromagnet (Vanan model V 2700) 
capable of providmg a maximum magnetic field of ~ 1 1 5 kOe 

The magnetic moment measurements were also made as a function 
of temperature at a fixed magnetic field of 5000 or 500 Oe to determine the 
Cuire temperature of the products The sample temperature was set with a 
controller (Indotherm model 401) A regulated power supply (Networks 
model NPS 30/5D) was used to provide power to the fiimace surrounding 
the sample and the chamber was evacuated usmg a HHV pumpmg model A 
chromel alumel thermocouple was held close to the sample to mdicate the 
temperature 

The mformahon gathered mcludes specific magnetization (Ms) 

and 

remanence magnetization (Mr), coercive field (Ho) ^e Cune temperature 



The workmg principle of magnetic moment measurement is 
described below 

When a sample is placed in a umform magnetic field a dipole 
moment pioportional to the product of its susceptibility and the apphed field 
gets mduced Upon subjectmg the sample to smusoidal motion as well an 
electrical signal is observed in suitably located stationary pick up coils This 
electrical signal (bemg at the vibration frequency of the sample) is 
proportional to the magnetic moment vibration amplitude and vibration 
firequency For this the pellet is mtroduced m a sample holder which in 
turn is centred m the region between the pole pieces of an electromagnet 
(Fig 2 1) A slender vertical rod connects the sample holder with a 
transducer assembly located above the magnet The transducer converts a 
sinusoidal ac dnve signal (provided by an osciUator/amplifier circuit located 
in the console) into a smusoidal vertical vibration of the sample rod and the 
sample is thus made to "undergo a smusoidal motion" m a uniform magnetic 
field Coils mounted on the pole pieces of the magnet pick up the signal 
resulting firom the sample motion This ac signal at the vibration frequency 

IS m fact proportional to the magmtude of the moment mduced m the 

and 

sample For ds detection measurement an mgenious milhng technique is 
employed Use is made of a vibratmg capacitor to generate another 
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"comparison" signal which vanes with moment vibration amplitude and 

vibratton frequency m the same manner as does the signal m the pickup 

cods By appropnately processing these two signals the effects of vibration 

amplitude and frequency shifts are cancelled and readmgs are obtamed 

which vary only with moment the quantity of interest The signal from the 

pickup points IS applied to one input of a differential amplifier The;signal to 

the amplifier is derived from the fixed plate assembly of a vibratmg 

capacitor mounted beneath the transducer assembly Apphed to the movmg 

plate assembly of the capacitor is a dc voltage proportional to the magnetic 

moment of the sample Thus an ac signal is coupled onto the fixed plate 

assembly of the vibrating capacitor and from there to the second mput of the 

differential amplifier Since the dc voltage applied to the moving assembly 

IS proportional to the magnetic moment the signal generated is also 

as 

proportional to the moment Moreover ^the capacitor and the sample are also 
vibrated by the same transducer as the capacitor output signal vanes with 
changes in frequency and vibration amplitude m the same manner as does 
the signal from the pickup coils In other words changes m vibration 
amplitude and frequency have identically the same effect on both of the 
signals applied to the differential amphfier Smce the differential amplifier 
passes only the differences between the two signals the effects of vibration 
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amplitude and frequency changes are canceled Thus three factors viz 
moment vibration amplitude vibration frequency though affect the 
amplitude of the pickup coil signal only the moment determines the 
amplitude of the signal at the output of the differential amphfier The signal 
m turn is applied to a synchronous detector for companson with a reference 
signal taken from the same oscillator which furmshes the transducer drive 
signal At the output of the synchronous detector is a dc signal proportional 
to the amplitude of the moment This dc signal is amphfied and then used m 
two different ways First it is fed back to the movable plate assembly of the 
vibrating capacitor Second it is apphed to the output display circmts The 
effect of feedback is to automatically adjust the dc signal to the level 
required to mamtam the capacitor output signal at the same level as the 
pickup cod signal For samples havmg small or large magnetic moment the 
feedback dc voltage wiU be low or high In any case it will always be 
proportional to the dipole moment of the sample and mdependent of 
vanations m the vibration amplitude oi frequency As the dc voltage also 
serves as the mput to the display cucmtry the output mdicates moment 
magnitude alone uninfluenced by vibration amphtude changes and 
frequency dnft 
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TRANSDUCER ASSEMBLY 



Fig 2 1 Simplified block diagram of magnetometer 








Chapter 3 

3 Results and discussions 
3 1 Phase evaluation 

XRD pattern of pure manganese femte sample together with a 
standard alummum sample recorded with CuKa radiation is shown in 
Fig 3 1 The diffraction peaks of alummum are marked and used as a 
reference to deterrmne the correct 20 values for diffraction peaks of 
femte samples The 20 values mttrplanar (d) spacmgs and relative 
intensities of vanous diffraction petiks with their ^esi^ectLve indices are 
given in Table 3 1 The indexmg of pattern suggests a face centred cubic 
structure for manganese femte with a=8 503FO 001 A Z=8 and space 
group Fd3m This matches reasonably well with known crystal data of 
MnFe 204 i e lattice parameter a=84'^‘l A [ 35 ] 

XRD patterns for the products of composition Mni xZiixFe 204 
with x=0 2, 0 3 0 4 and 0 5 prepared by coprecipitation method and 
digested at 90°C for 90 min were recorded similarly with CuKa radiaton 
and usmg almnmmn as a reference (Fig3 1) XRD patterns of pure and 
zmc substituted manganese femte after further calcmation at 200 °C for 
2 h are depicted m Fig 3 2 Fig 3 3 shows XRD patterns of 
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Mri] xZnxFe 204 with x=0 2 digested at 90°C for 90 mm before and after 

calcination at 200°C for 2 h Their companson reveals that calcmation at 

200^C for 2 h yields a better crystalline phase Similarly Figs 3 4 3 5 and 

3 6 show XRD patterns for Mni xZnxFe 204 for x=0 3 0 4 and 0 5, 

respectively Tables 3 2 - 3 5 list 20 values mterplanar (d) spacmgs and 

relative mtensities of vanous diffraction peaks with their respective 

mdices for the four compositions Tlie mdexmg of XRD patterns suggests 

that the compound Mnj xZnxFe 204 continues to mamtam an fee 

structuie But the lattice parameter decreases with mcrease m zme 

content from 8 503 A to 8 419 A for x =0 to x =0 5 As Zn^^ has small 

lomc radius (0 83 A) than Mn^'' (0 91 A) some decrease is expected m 

the lattice parameter with the improvement m the degree of manganese 

substitution or mcrease m zinc content This finding is consistent with the 

av 

observation of Rezlescu, Sachelane Popa and Rezlescu^^who reported 
increase of lattice paraneters m CaxNio 5 xZhq 5 Fe 204 with partial 
substitution (x=0 25) of Ni^^ with Ca^"^ The lattice parameters are 
reported as 8 390 A and 8 437 A for composition havmg x =0 and 0 25 
respectively The ionic radu of Ni^^ and Ca^^ bemg 0 78 A and 1 06 A, 
respectively [3 1 ] 
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Table 3 1 20’s, mterplanar spacmgs and intensities of 
various peaks observed in XBtD of manganese ferrite 
Mni xZnxFe 204 , x=0 


s 

No 

20 

n 

Relative 

intensity 

d 

value 

(A) 

hkl 

Knc 

)wn data C 3? 

>1 

20 

(") 

Relative 

intensity 

d value 

(Aj 

1 

29 60 

32 

3 018 

220 

29 73 

35 

3 005 

2 



2 568 

311 

35 01 

100 

2 563 

3 

42 58 

16 


400 

42 56 

25 


B 

52 93 

12 

1 730 


52 79 

20 


5 

56 18 





35 

1 635 

6 

61 76 

51 

1 502 

H 


40 

1 503 

7 

72 97 

10 

1296 

533 

72 99 

20 

1 296 

8 

88 33 

12 




30 
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Table 3 2(a) 20’s, mterplanar spacmgs and intensities of 
various peaks observed in XRD of manganese ferrite 
Mni *Zn^Fe 204 , x=0 2 ((digested at 90”C for 90 mm) 


s 

No 

29 

(") 

Relative 

intensity 

d 

value 

(A) 

hid 

Known data of MnFe 204 

132] 

20 

(’) 

Relative 

intensity 

d value 

(A) 



43 

2 989 

220 

29 73 

35 

3 005 

2 

35 23 



311 

35 01 

100 

2 563 

3 

42 58 

29 

2 123 

400 

42 56 

25 

2 124 

■ 

53 22 

22 


422 

52 79 



5 

56 75 

37 

1 622 



35 

1 634 

6 

62 04 

55 

1 496 



40 

1 503 

7 

73 82 

16 

1 283 

533 

72 99 

20 

1 296 





731 

88 35 

30 

1 106 
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Table 3 3(a) 20’s, interplanar spacings and intensities of 
various peaks observed m XRD of manganese ferrite 
Mni jZii^Fe 204 , x=0 3, (digested at 90°C for 90 min) 


s 

No 

20 

(V 

Relative 

intensity 

d 

value 

(A) 

jhkl 

Known data of 

20 
( ) 

Relative 

intensity 

d value 

(A) 

1 

29 89 

47 

2 989 



35 

3 005 

1 

35 49 

100 




100 

2 563 

■ 

42 58 

26 


400 

42 56 

25 

2 124 

■ 

53 22 

15 

1 721 

422 

52 79 



5 

56 75 

38 

1622 

511 

56 25 

35 

1 635 

6 

62 04 

57 

1496 

L 

440 

61 71 

40 

1 503 

7 

73 82 

16 

1 283 

533 

72 99 

20 

1 296 

8 

89 19 

17 

1 098 

731 

88 35 

30 

1 106 
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Table 3 4(a) 20’s, mterplanar spacmgs and intensities of 
various peaks observed in XRD of manganese ferrite 
Mni sZnxFe204, x =0 4, (digested at 90®C for 90 mm) 


s 

No 

20 

n 

Relative 

intensity 

d 

value 

(A) 

hkl 

Known data 

of 

} 

20 

C"; 

Relative 

intensity 

d value 

in) 

1 

30 15 

49 

2 964 



35 

3 005 

2 

35 52 



311 

35 01 

100 

2 563 

■ 

42 58 

42 

2 123 

400 

42 56 

25 

2 124 

■ 

53 22 

24 

1 721 



20 

1 734 

5 

56 75 

48 




35 

1 635 

6 

62 71 

66 


440 

61 71 

40 

1 503 

7 

74 01 

15 

1 281 

533 

72 99 

20 

1296 

8 

89 61 

19 

1 094 

731 

88 35 

30 

1 106 


40 







































Table 3 5(a) 20’s, mterplanar spacings and intensities of 
various peaks observed in XRD of manganese ferrite 
Mni xZnxFe 204 , x=0 5, (digested at 90"C for 90 mm) 


s 

No 

20 

r) 

Relative 

intensity 

d 

value 

(A) 

hkl 

Known data of- 
JvinFeid^ 

20 

r) 

Relative 

intensity 

d value 

(Aj 





220 

29 73 

35 

3 005 

2 

35 80 

100 

2 558 

311 

35 01 

100 

2 563 

3 

42 86 

28 


400 

42 56 

25 

2 124 

■ 

53 22 

23 

1 721 



20 

1 734 

5 

57 03 

45 

1 615 

511 

56 25 

35 

1635 

6 

62 33 

68 

1 489 

440 

61 71 

40 

1 503 

7 




533 

72 99 

20 

1 296 

8 

89 05 

23 


731 

88 35 

30 

1 106 
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Table 3 2(b) 20’s, mterplanar spacmgs and intensities of 
various peaks observed in XRD of manganese ferrite 
Mni xZnxFe 204 , x=0 2 (digested at 90'’C for 90 mm and 
calcined at 200®C for 2 h) 


s 

No 

20 

n 

Relative 

intensity 

d 

value 

(A) 

hkl 

Know 

Ti data of Ml 

LFe204 D3] 

20 
( ) 

Relative 

intensity 

d value 
(A3 

1 

29 89 

44 

2 989 

220 

29 73 

35 

3 005 

2 

35 23 

100 

2 547 

311 

35 01 

100 

2 563 

3 

42 58 

25 

2 123 

400 

42 56 

25 

2 124 

■ 

53 22 

17 

1 721 

422 

52 79 

20 

1 734 

5 

56 75 

37 

1 622 

511 

56 25 

35 

1 635 

6 

62 04 

53 

1 496 

440 

61 71 



7 

73 82 

18 

1283 

533 

72 99 

20 

1296 

8 

88 90 

18 

1 101 

731 

88 35 


1 106 


42 



















































Table 3 3(b) 20’s, mterplanar spacmgs and intensities of 
various peaks observed in XRB of manganese ferrite 
Mni ^ZnxFe 204 , x=0 3 (digested at 90*^0 for 90 mm and 
calcined at 200®C for 2 h) 


s 

No 

20 

Relative 

intensity 

d 

value 

(A) 

hid 

Known data of 

20 

(’) 

Relative 

intensity 

d value 

(a) 

1 

29 89 

58 

2 989 



35 

3 005 

2 

35 49 

100 

2 529 

311 

35 01 

100 

2 563 

3 

42 58 

31 


400 

42 56 

25 

2 124 

■ 

53 22 

23 

1 721 

422 

52 79 


1 734 

5 

56 75 

46 

1 622 

511 

56 25 

35 

1 635 

6 

62 04 

77 

1 496 

440 

61 71 

40 

1 503 

7 

73 82 

23 


533 

72 99 



8 

89 19 

31 

1 089 

731 

88 35 

30 

1 106 
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Table 3 4(b) 20’s, interplanar spacmgs and intensities of 
various peaks observed in XRD of manganese ferrite 
Mni xZiixFe 204 , x=0 4 (digested at 90°C for 90 mm and 
calcined at 200®C for 2 h) 


s 

No 

20 

(”) 

Relative 

intensity 

d 

value 

(A) 

m 

Known data of 

jVlnRiOp 

29 

i) 

Relative 

intensity 

d value 

(aJ 

1 

30 15 

37 




35 

3 005 

2 

35 52 

100 

2 527 



100 

2 563 

3 

42 58 

25 

2 123 

400 

42 56 

25 

2 124 

■ 

53 22 

13 

1 721 

422 

52 79 

20 

1 734 

5 

56 75 

13 

1 622 

511 

56 25 

35 

1 635 

6 

62 71 



440 

61 71 

40 

1 503 

7 




533 

72 99 

20 

1 296 

8 

89 61 

15 

1 094 

731 

88 35 

30 

1 106 


44 

































Table 3 5(b) 26’s, mterpianar spacmgs and intensities of 
various peaks obsen^^ed m XRD of manganese ferrite 
Mni xZiisFe 204 , x=0 5 (digested at 90®C for 90 mm and 
calcined at 200®C for 2 h) 


s 

No 

20 

Relative 

intensity 

d 

value 

(A) 

hkl 

Known data of 

29 

Relative 

intensity 

d value 

1 




220 

29 73 

35 

3 005 

2 

35 80 

100 

2 558 

311 

35 01 

100 

2 563 

3 

42 86 

33 


400 

42 56 

25 

2 124 

■ 

53 22 

11 


422 

52 79 

20 

1 734 

5 

57 03 



511 

56 25 

35 

1 635 

6 

62 33 

47 

1 489 



40 

m 

7 




533 

72 99 

20 

1 296 

8 

89 05 

17 

1 099 

731 

88 35 

30 



45 
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Fig 3 1 XRD paltems.of Mni xZnxFe 204 (x=0 0 2, 0 
digestion at 90'^C for 90 rtiin 


n ' 1 

80 100 


3 0 4 and 0 5) after 
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Fig 3 2 XRD patternsof pure ]VInFe 204 prepared by coprecipitation and 
subsequent digestion at 90°C for 90 nun and Mni xZnxFe 204 (x= 0 2 0 3 
0 4 and 0 5) after digestion at 90°C for 90 mm and calcination at200°C 
for2h 
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Fig 3 5 XRD pattern of <i) pweMnFc 204 ,b) Miii ^ZnxFe 204 x 0 4 after 
digestion at 90“C foi 90 mm'^T M", AFejO4.x=0 4 after digestion at 
90“C for 90 min and calcination at 200 C for 2 h 
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3 2 TEM studies 


Transmission electron micrograph and corresponding selected 
area diffraction (SAD) of MnFe 204 are shown m Fig 3 7 A SAD pattern 
of a standaid gold sample was also recorded under die same conditions 
for the cahbiation pin pose (Fig 3 8) The ladii relative mtensities and 
mdexmg of diffraction rings of gold are given m Table 3 6 The value of 
camera constant was iound as 6 77 mm (A), takmg the lattice parameter 
of gold as 4 0783 A 


Table 3 6 F lectron diffrac tion data of standard gold sample 


SNo 

Radius (mm) 

Relative intensity 

hkl 

nm 

2 875 

Very strong 

111 

2 

3 335 

Strong 

200 

3 

4 700 

Very strong 

220 

4 

5 475 

Strong 

311 

5 

5 725 

Weak 

222 

6 

7 225 

Weak 

331 

7 

7 425 

Weak 


8 

8 125 

Strong 

422 

9 

8 625 

Weak 

511,333 

10 

9 400 

Very weak 

440 

11 

9 825 

strong 

531 
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(a) 


(b) 


l^ig 3 7 a) Transmission electron micrograph and 
bXorrcsponding diffraction pattern of MnFe 204 



F ig 3 8 Diffraction pattern of gold sample 





Fig 3 9 depicts some typical transmission electron micrograph of 
Mno gZno 2 Fe 204 The fine crystallites can be clear^seen dispose dm the 
microstructuie The SAD patterns are depicted m Fig 3 10 The data 
obtained fi'om SAD patterns of manganese femte of compositions 
Mni KZnxFe 204 (x=0 0 2) are listed m Table 3 7 and 3 8 The indexing 

Cl 

show that there is^smgle phase present in the system that corresponds to 
fee structure with lattice parameter as 8 50 A and 8 45 A for 
composition of x=0 and 0 2 respectively 


Table 3 7 Electron diffraction data of Mni xZnxFe 204 with 
x=0 


S No 

Radius (mm) 

Interplanar 
spacing (A) 

FJd 

1 

2 25 

3 01 

220 

2 

2 75 

2 40 

222 

3 

3 20 

2 12 

400 

4 

4 15 

163 

511 

5 

4 50 

1 51 

440 

6 

5 20 

1 30 

533 

7 

6 15 

1 10 

731 
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100 nm 


Fig 3 9 Transmission electron micrographs of 
Mno8Zno2Fe204 cit a) i Qb' kx arxi h) loo kx 



Fig 3 10 Diffraction patterns of MnosZno 2^6204 




Table 3 8 Electron diffraction data for Mni xZnxFe 204 
(x=0 2) 


S No 

Radius (mm) 

Interplanar 
spacmg (A) 

hkl 

1 

1 40 

4 82 

111 

2 

2 25 

3 00 

220 

3 

2 65 

2 56 

311 

4 

3 20 

2 11 

400 

5 

3 85 

174 

422 

6 

4 15 

163 

511 

7 

4 55 

148 

440 

8 

5 25 

128 

533 

9 

5 65 

1 88 

551 

10 

6 10 

1 11 

731 


Some more electron micrographs showing tmy crystals of zmc 
substituted manganese ferrite with x=0 2 are presented m Fig 3 11 

3 3 Surface area measurements 


The BET specific surface area was measured as per description 
given m Section 2 2 3 The various parameters mvolved and the specific 
suiface area values found are listed m Table3 9 
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3 11 Transmission electron micrographs of 

l&'oLx rr)ixjjn.Lfiax-tA,on 


Mno gZno 2^6204 (X^L 



Table 3 9 Elapsed time used m the BET measurements, specific 
surface area and average particle size of Mni ,Zn*Fe 204 samples 


Zmc content 

Elapsed time 

Specific surface 

Average particle 

(x) 

(min) 

area (m^/g) 

diameter (nm) 

0 

65 

1182 

102 

0 1 

^ 

59 

1 

141 2 


0 2 

80 

148 7 

78 

03 



37 

190 0 

62 

04 

1 

65 

194 2 

60 


Clearly surface area increase^ with increase of zmc concentration 

m MniKZnxFe 204 system This implies that the average particle size is 

decreasing with zinc incorporation Considenng the particles to be 

uniform and of sphencal shape then average diameter (2r) can be 

the. 

estimated from the smface area data usmgjformula, diameter (2r) = 6 /(p 
X surface are^ The values amved at are listed in Table 3 9 
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3 4 Magnetic measurements 

The magnetization vs magnetic field plots of pure manganese 

femte (MiLFe 204 ) and zinc substituted manganese femte of composition 

Mni ,cZnxFe 204 (x= 0 2 0 3 0 4 and 0 5) obtained at room temperature 

are shown m Fig3 12 Their saturation magnetization (Mg) values are 

listed in Table 3 10 The value ~ 43 emu/g of Ms for MnFe 204 is much 

lower than that of the bulk (80 emu/g) It may be noted that the average 

particle diameter m the present ca.e is ~ 10 2 nm The earher reports 

indicate decrease of saturation magnetization with decrease m particle 

size For example values of Ms found are 24 4 emu/g and 54-79 emu/g 

for paiticle of average diameters 5 6 nm and 35-40 nm, respectively [24 

26] This lowering of Ms has been attnbuted to (a) presence of a magnetic 

dead layer of a few A (b) mcomplete alignment of moments at the 

particle surface even at very high magnetic fields (c) Mn^”^ to Mn^”^ 

conversion, and (d) cation redistnbution [21 23 26] 

Table 

The Mi, versus zinc content (x) data( L 3 10) clearly reveal 
that the saturation magnetization is mvanably lower than that of pure 
manganese femte But Ms mitially increases with x atleast for x=0 3 and 
0 4, but, decreases drastically for x=0 5fi:om that of x=0 2 i e mcrease of 
zmc content 
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Magneteatioti {emu/g) 





AVI zjn( 

^ ^4, and 0 5) 




Mn, Zn f; n r ®«gnetaafion of 

".xZn.Fe.O, for various z,„c content (X) 

f " ]r~ ~ - — ^ 


Amount of zmc 

02 


Saturation magnetization 

42 98 * 


04 


05 


The value cited m the literature for saturation 

®agneteation(Ms)isSOemu/g 
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Pure manganese femte is structurally descnbed [ 3 1 ] as 
(MnogFeoaX IVlno2Fei 3)04 general formula being AB2O4 where A and B 
represent tetrahedral and octahedral sites in close packed layers of oxygen 
10ns and meant for divalent and tnvalent metal 10ns respectively for a 
normal spmel Alternatively the general formula can be written as 
B(AB)04 for the case of mverse spmel In this tnvalent ions(B) occupy 
tetrahedral sites while divalent ions(A) and the remammg tnvalent ions 
(B) assume octahedral positions In both normal and mverse spmel there 
are m all 8 tetrahedral and 4 octahedral positions per formula unit of 
AB2O4 Of them only one tetrahedral and two octahedral sites are filled 
Rest of the sites remam vacant The unit cell contams eight unit cells 
each of one AB2O4 formula umt with different disposition of filled sites 
(1 e one tetrahedral and two octahedral) In case of MnFe204 manganese 
and iron 10ns assume positions in a mixed manner m tetrahedral and 
octahedral sites le cations m first bracket [Mno8Feo2] occupy 
tetiahedral void (or A site) while those m second bracket [MnoaFei g] fill 
octahedral void(or B site) Also disposition of A and B 10ns is such that 
their magnetic moments are directed antiparallel to each other [ 11 ] Thus, 
the net magnetic moment results due to difference m their respective 
contnbution Zn^"^ mcorporation is mtended to replace Nif" ion m 
MnFe204 Thus theie are two possibilities with [Mno8Feo2] [MnoaFeig] 



O 4 description First Zn may go to B site upto x=0 2 and then to A site 
beyond x > 0 2 Second it may be replace Mn^^ from A site initially upto 

1 -OnUj 

a certain x and start assuming B site there after The spm^magnetic 

i-/) 4 'z 6 9/ 

moments of Mn^' Mn^'' Fe^' Fe^ " and Zn^"" are Pb /Pb /Pb ^^Pb 

on 

and zero respechvelyj pe stands for the Etohr magnet^ Applymg these 
considerationstogether with that the spm of A and B sites are antiparallel 
to each other their net contnbution to saturation magnetization keeps on 
increasing with zmc content m the first case a result contrary to the 
present obsci-vation In second case the magnetic moment of A site 
decreases with zinc incorporation while that of B site remains constant 
upto a certain stage This means that the difference between frie magnetic 
moments of two sites should increase When zmc begms to go to B site 
one expects decrease in the net magnetic moment as contnbution of B 
site gets affected adversely This is what one observes m the present data 
The saturation magnetization initially mcreases with mcrease m zmc 
content (1 e, for x=0 3 and 0 4), but,decreasesdrastically for x= 0 5 The 

USed-foir- 

above appioach when^[Mno 8 Feo 2 ][Mno 2 Fei g] O 4 the net spm 

ouf tv bt 

magnetic moment (oi)ihbuh<jri to saturation magnetization comes;:^~ 
121emu/g 
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The nature of hysteresis loop observed for pure MnFe204 samples 
suggest it to be a good soft magnetic material (Fig 3 13) But, with zmc 
incorporation no hysteresis loop could be observed (Fig 3 12) These 
findings indicate that die products assume increasmg tendency of 
superparamagnetism witii zmc mcorporation Such a behaviour was also 
observed in MnFe 204 particles of average size 5 nm[20] Therefore the 
superparamagnetism characteristics depicted m the preparations can be 
attributed to the decrease m particle diameter with mcrease m zmc 
content 

The magnetization versus temperature (T) curves for the samples 
of Mni xZnxre 204 (x=0, 0 2 0 3,04 and 0 5) at a fixed magnetic field of 
5000 Oe are shown in Fig 3 14 Sunilar curves at a fixed lower magnetic 
field of 500 Oe for compositions correspondmg to x=0 0 2 and 0 4 are 
shown m Fig 3 15 Clearly the magnetization decreases contmuously 
with increase of temperature upto a pomt beyond which the change is 
somewhat abrupt, indicative of ferromagnetic to paramagnetic transition 
Curie temperature (Tc) value determmed by the mtersection of tangent 
drawn at the point of highest slope m the magnetization versus 
temperature curve, witii abscissa is 378 C as mdicated m Mb versus T plot 
(Fig 3 15a) Thus, pure manganese ferrite samples show enhancement of 
Curie temperature by 78°C, known bulk value of Tc is 300°C [12] In 
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Fig 3 13 Magnetization versus applied field curve for 
manganese ferrite MnFe 204 



Fig 3 14 magnetization versus temperature curve atSOOOOe 
for Mni ,ZnxFe 204 (x=0, 0 2, 0 3, 0 4, and 0 5) 
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Fig 3 15 magnetization 
versus temperature curve at 
500 Oe for Mm xZnxFe 204 , a) 
x“0, b) x=0 2, c) x=0 4 
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case of zmc siibslitiited manganese ferrite tliere is no clear transition 
Also Ms is continuously deci easing These features also support 
superparamagnetism tendency as foimd m fme particles earlier [20] 


67 



4 Conclusions 


1 Nano crystalline particles (average diameter 6-10 2 nin) of pure and 
zmc substituted manganese femtes of composition Mni ^ ZnxFeo04 
(0<x<0 5) can be prepared by coprecipitation of metal salts takmg 
sodium hydi oxide as a reaction agent followed by digestion at 90°C 
foi 90 mmutes and calcmation at 200®C for 2 h 

2 The products exhibit a smgle phase havmg an fee structure with 
lattice parameter decreasing witb mcreasmg zmc content (the value 
bemg 8 503±0 001A” and 8 419±0 001A° for x = 0 and 0 5 
respectively) possibly due to smaller size of Zn^^ m comparison to 
Mn^^ ion (radii bemg 0 83 A° and 0 91A® respectively) 

3 BET specific smface area of ferrite samples mcreases from 118 2 to 
194 2 m^/g tor zinc content (x) increase from zero to 0 4 - indicative 
of emergence of crystallites of progressively smaller average size 

4 MnFe204 particles exlubit a hysteresis loop of soft magnet They 
correspond to low saturation magnettzation Ms (~ 42 98 emu/g) and 
high Cune temperature To (378°C) m comparison to bulk values 
bemg Ms=80 emu/g and To =300°C These characteristics can be 
attributed to small particle size cation redistnbuPon besides presence 
of a magnetic dead layer on the surface 

5 Zmc substitution leads to overall lowering of saturation 
magnetization for samples Miio8Zno2Fe204 depictmg a value of 22 15 
emu/g only With further mcrease of zmc content Mg value imtially 
increases to 28 80 emu/g and 35 16 emu/g for x=0 3 and 0 4 
respectively, but, decreases sharply later to 16 94 emu/g for x=0 5 
Such a trend can be explained on tlie basis of gradual decrease m 
particle size and/or cation redisfribuhon 
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